zyme (16) has been shown to be localized in mitochondria (15) , and its accumulation was observed to be unaffected by light-dark transitions during synchronous growth of the cells (17) . In contrast, both the induction and continuous accumulation of an ammonium-inducible NADP-GDH isoenzyme (23, 26) was shown to be light dependent in synchronous cells growing in the absence of an external carbon source (17) .
The light-dependent accumulation of the C. sorokiniana inducible NADP-GDH, along with reports that certain algae (8) and higher plants (13, 14) contain a chloroplast-localized NADP-GDH, led us to propose that the C. sorokiniana NADP-GDH might be chloroplast-localized or might have its synthesis closely coupled to light-dependent reactions in the chloroplast. Because both the induction and continuous accumulation of C. sorokiniana NADP-GDH was shown (12) to be inhibited by cycloheximide, synthesis of this isoenzyme was proposed to occur in the cytosol on cycloheximide-sensitive 80S ribosomes. The subunits of a number of chloroplast-localized enzymes and other proteins have been observed to be synthesized in the cytosol as larger precursor-proteins (1, 2, 4-6, 10, 11) . Therefore, the purpose of the present study was to determine whether the active NADP-GDH holoenzyme is localized in the chloroplast of C. sorokiniana, and the subunit of this isoenzyme is synthesized as a larger precursor-protein.
The experimental evidence presented in this paper indicates that (a) the catalytically active NADP-GDH is chloroplast-localized, (b) the NADP-GDH antigen is distributed between the chloroplast and the cytosol, where the active holoenzyme resides and the enzyme is synthesized, respectively, and (c) the NADP-GDH subunit is synthesized from a precursor-protein with a molecular mass that is 5500 D larger than the subunit localized in the holoenzyme isolated from fully induced cells.
MATERIALS AND METHODS
Materials. The sources of most of the reagents were described by Turner et al. (27) and Yeung et al. (30) . The Protein A-gold complex was kindly supplied by Dr. Gregory W. Erdos of the Electron Microscope Laboratory in this Department. Proteinase K (Protease type VI) was purchased from the Sigma Chemical Co. The untreated rabbit reticulocyte lysate was purchased from Green Hectares.
Isolation of Poly(A)+ RNA and mRNA-Dependent in Vitro Translation System. The procedure of Turner et al. (27) was modified for isolation of total cellular poly(A)+ RNA from Chlorella sorokiniana cells that had been cultured for 12 h in continuous light in 30 mm ammonium medium (29) . Ten min before harvesting the cells, cycloheximide (25 ,ug/ml) 5 mM EDTA (pH 7.5). In the initial extraction, the homogenate was extracted with phenol for 10 min, chloroform added, and then mixing was continued for an additional 10 min. In subsequent extractions, the extraction times were 5 min after the addition of each organic compound. The phases were separated by centrifugation in a Sorvall HB-4 swinging bucket rotor for 10 min at 4°C. Following the third extraction, the aqueous phase was treated with 50 ,ug/ml Proteinase K for 30 min at 37°C. To remove residual phenol after the fourth phenol-chloroform extraction, the aqueous phase was extracted twice with an equal volume of chloroform. The RNA was precipitated from the aqueous phase by the addition of 0.1 volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of cold absolute ethanol at -20°C for 12 h. The precipitated RNA was dissolved in 10 mM Hepes (pH 7.5) containing 0.5% SDS, and its concentration was adjusted to 10 to 15 A260 units/ ml. The solution was heated at 68°C for 5 min, cooled quickly on ice, and the poly(A)+ RNA was isolated by oligo(dT)-cellulose chromatography as described by Turner et al. (27) . After elution of the poly(A)+ RNA from the oligo(dT)-cellulose column in 10 mM Hepes at pH 7.5, the RNA was precipitated by the addition of 0.1 volume of 3 M sodium acetate (pH 5.5) and 2.5 volumes of cold absolute ethanol for 12 h at -20°C. The resulting RNA pellet was lyophilized and rehydrated in 10 mM Hepes (pH 5.5) to give a final concentration of approximately 1 mg RNA/ml.
The poly(A)+ RNA was translated in a mRNA-dependent rabbit reticulocyte lysate in vitro translation system (18) , as described by Turner et at. (27) (27, 30) . The immunoprecipitate was subjected to SDS electrophoresis in a 10% polyacrylamide gel as previously described (27 (29) . The cells were resuspended in 25 ml of pre-equilibrated (2% C02-air, 38.5°C) low sulfate ammonium medium, containing 5 mCi of 35SO4. After 3 h of growth in the light, the cells were harvested, washed in 10 mm Tris-HCl buffer (pH 8.25), and resuspended in 3 ml of0.1 M Tris-HCl (pH 8.25), 2 mm phenylmethylsulfonylfluoride, 2.5 mm benzamidine hydrochloride, and 0.25 mg/ml soybean trypsin inhibitor. The cells were broken by passage through a French pressure-cell twice at 20,000 p.s.i., diluted with 9 ml of immunoprecipitation buffer, and centrifuged at 100,000g for 1 h at 4°C. The I'S-labeled NADP-GDH, in 400 Ml aliquots of the I00,000g supernatant, was immunoprecipitated exactly as described above.
Intracellular Localization of NADP-GDH Activity and Antigen. For intracellular localization ofNADP-GDH catalytic activity, C. sorokiniana cells were selectively permeabilized to small molecules by a freeze-thaw procedure (7, 22, 24, 28 assayed for total NADP-GDH catalytic activity by the spectrophotometric assay described by Turner et al. (26) .
For the immunoelectron microscopy procedure, C. soroki-niana cells were cultured for 12 h in 30 mm ammonium medium, harvested by filtration onto Millipore membrane filters (as described above), and washed twice with phosphate buffered saline (75 mm sodium phosphate and 75 mM NaCl [pH 7.4]). In the fixation procedure, the cells were incubated overnight in 4% formaldehyde in 0.15 M bicarbonate buffer (pH 10.4), washed twice in bicarbonate buffer without formaldehyde, incubated for 10 min in 1% sodium borohydride, and washed again in bicarbonate buffer. All of the aforementioned steps were performed at 4C. The cells were dehydrated in ethanol (25%, 50%, at 4°C; 74%, 90%, at -20°C), embedded in Low-Acryl K4M, and polymerized at -20°C with an UV light source. Sections were cut and collected on Formvar-coated nickel grids. The grids were then pretreated with 3% BSA in phosphate buffered saline, followed by a 1 h incubation with affinity purified anti-NADP-GDH IgG (30) or anti-ribulose-1 ,5-bisphosphate carboxylase IgG (25) in phosphate buffered saline. After a 1 h wash in the buffered saline, the grids were incubated in Protein A that had been complexed with colloidal gold of a size of approximately 150 nm (20) . The grids were washed in buffered saline, rinsed in deionized H20, and viewed with a J.E.O.L. transmission electron microscope.
RESULTS AND DISCUSSION Synthesis of the NADP-GDH Subunit from a Precursor Protein. In vitro translation of total cellular poly(A)+ RNA, isolated from fully induced cells of Chlorella sorokiniana, resulted in synthesis of a 35S-labeled NADP-GDH antigen with a mol wt of 58,500 (Fig. IA, lane 3) . As indicated by the lack of contaminating radioactive proteins in the gel with the NADP-GDH antigen, the immunoprecipitation with antigen-affinity purified anti-NADP-GDH IgG was very specific. In fact, the volume of in vitro translation reaction-mixture, from which the NADP-GDH antigen was immunoprecipitated, was 200 times the volume of the reaction mixture that was added directly to the gel to examine the size distribution of total translation products (Fig. IA, lane  4) . In a recent study, Bascomb et al. (3) showed that in vitro translation of NADP-GDH mRNA, purified by a specific polysome immunoprecipitation procedure, yielded a single NADP-GDH antigen also with a mol wt of 58,500.
To determine whether NADP-GDH antigens synthesized in vitro and in vivo have the same or different mol wt, it was necessary to immunoprecipitate "S-labeled NADP-GDH antigen from homogenates of fully induced cells that had been cultured in ammonium medium containing 35SO4. A comparison of the mobilities of the two antigens during SDS slab-gel electrophoresis separately or together (Fig. 1B, lanes 1, 3, and 4) clearly showed that the NADP-GDH antigen synthesized in vitro was larger than the one synthesized in vivo in fully induced cells. The mol wt of the in vitro and in vivo synthesized NADPH-GDH antigens were 58,500 and 53,000, respectively (Fig. 2) , a difference in mol wt of 5,500.
In earlier publications (9, 27, 30) from this laboratory, the mol wt of the NADP-GDH subunit, isolated from the purified holoenzyme, ranged from 57,500 to 59,000. These mol wt estimations were made by comparison of the relative mobilities of standard protein markers and the purified NADP-GDH subunit by SDS electrophoresis in separate tube-gels rather than in the same slab-gel as in the present study. Thus, it seemed that two possibilities could account for the mol wt discrepancy between the in vivo synthesized NADP-GDH antigens in the earlier and present studies. First, because of the use of separate tube-gels for the protein standards and the purified NADP-GDH subunit, the mol wt estimations made in the earlier studies could have been incorrect for the purified NADP-GDH subunit. Second, the NADP-GDH antigen immunoprecipitated from fully-induced cells in the present study could have a lower mol wt than the NADP-GDH subunit present in the earlier purified holoenzyme. To distinguish between these two possibilities, a sample of the earlier purified NADP-GDH subunit was electrophoresed in the same SDS slab-gel with the NADP-GDH antigen that was immunoprecipitated from IIS-labeled cells in the present study. The NADP-GDH antigens from the two sources were observed to have the same mol wt of 53,000 (gel not shown), indicating that the earlier mol wt estimates for the NADP-GDH subunit from the purified holoenzyme were slightly too high. Prunkard et al. (19) showed that all ofthe NADP-GDH antigen, in fully induced cells, was associated with holoenzyme-size proteins, i.e. free NADP-GDH subunits cannot be detected in growing fully-induced cells. Thus, the "S-labeled NADP-GDH antigen, immunoprecipitated from cell homogenates in the present study, can be assumed to be associated with NADP-GDH holoenzyme.
Because the NADP-GDH antigen synthesized in vitro was larger than the NADP-GDH subunit associated with the holoenzyme, it appeared that the 58,500 D protein could be a precursor to the 53,000 D protein. To obtain evidence for a possible precursor-product relationship between these two NADP-GDH antigens, an in vitro processing experiment was performed. The in vitro translation of total cellular poly(A)+ RNA was allowed to proceed for 60 min. At the end of this translation period, a I00,OOOg supernatant, prepared from a homogenate of Chlorella cells, was added to the translation assay mixture and allowed to incubate for 90 min. Both the poly(A)+ RNA and the 100,OOOg supernatant were prepared from fully induced cells that had been actively growing in 30 mM ammonium medium for 12 h. At the end of 90 min, the radioactive NADP-GDH antigen was immunoprecipitated from the processing mixture and subjected to SDS slab-gel electrophoresis. The in vitro synthesized NADP-GDH antigen (Mr= 58,500) was processed to a predominant protein with a mol wt of 53,000 (Fig. 1B, lane 1 versus lane 5) . A faint band of protein, with a mol wt corresponding to 55,500, was also produced during the in vitro processing reaction.
During the first 2 h of a normal induction of NADP-GDH activity in cells cultured in 30 mM ammonium medium, Prunkard et al. (19) observed, by use of SDS slab-gel electrophoresis and a Western blot/immunodetection procedure, the accumulation of two NADP-GDH antigens with mol wt of 55,500 and 53,000. After 2 h, the accumulation of the 55,500 D antigen ceased, and it became a progressively smaller percentage of the total NADP-GDH antigen as the induction process was continued. In fact, after the cells had been growing in ammonium medium for more than 3 h, the total NADP-GDH antigen consisted primarily of the 53,000 D protein with the 55,500 D protein being barely detectable. By use of gel-filtration chromatography of the native cellular proteins, Prunkard et al. (19) showed that both of these NADP-GDH antigens were associated with NADP-GDH holoenzyme-size proteins. Therefore, these workers designated the 55,500 D and 53,000 D NADP-GDH antigens as being a-and (3-subunits of NADP-GDH holoenzyme(s).
The poly(A)+ RNA and cell extract used in the in vitro processing experiment were prepared from cells that were accumulating only the p3-subunit (Mr= 53,000). Therefore, the observed in vitro processing ( Fig. 1 B, Processing was allowed to proceed for 90 min at 30°C before immunoprecipitation of the NADP-GDH antigen(s).
other related questions. Intracellular Localization of NADP-GDH Catalytic Activity. To localize the active NADP-GDH holoenzyme, cells were induced in 30 mm ammonium medium for at least 3 h, and then the cells were selectively permeabilized by a freeze-thaw procedure (7, 28) that allows small molecules (e.g. enzyme substrates and products) to pass rapidly across the cytoplasmic membrane but not passage of molecules the size of proteins. Sitz et al. (22) and Toman and Schmidt (24) had shown earlier that this freezethaw procedure allows for the in situ assay of the total activity of the chloroplast-localized enzyme, ribulose-1,5-bisphosphate carboxylase, in whole cells of C. sorokiniana. In the present study it was shown, by use of a spectrophotometric assay (26) , that total ammonium-inducible NADP-GDH activity could be measured in these selectively permeabilized whole cells. Therefore, if the NADP-GDH remained localized in its normal cellular compartment, after the freeze-thaw procedure, we reasoned that it should be possible to determine whether the enzyme was localized in the chloroplast by use of a tetrazolium-coupled enzyme activity assay (30) that results in formation of an insoluble blue formazan dye at the site of the active enzyme. The tetrazolium activity staining procedure (30) is normally used to localize dehydrogenases in native polyacrylamide and agarose gels after electrophoresis.
The intense-blue staining of the chloroplast of selectively permeabilized cells, that had been cultured in 30 mm ammonium medium for 3 h, indicated that most (if not all) of the active NADP-GDH was localized within the chloroplast (Fig. 3A) . Control cells cultured in nitrate medium contained no visible blue formazan precipitate (Fig. 3B) . When the tetrazolium enzyme-activity assay mixture contained NAD+ rather than NADP+, neither the cytosol nor the chloroplast of induced cells was stained (Fig. 3C) , indicating that the blue formazan was not due to the activity of the constitutive NAD-GDH isoenzyme.
At the side ofthe cell opposite the chloroplast, a small purplishblue body can be seen in some of the cells in Figure 3 . This body is a volutin body (21), i.e. polyphosphate granule, that is clearly visible in many unstained Chlorella cells.
Because of the large chloroplast in Chlorella, only a few cells in a typical microscopic field are oriented correctly, so that one can easily observe the cytosolic space between the chloroplast and cell wall. Therefore, photographs of individual cells rather than fields of cells were presented in Figure 3 .
Intracellular Localization of NADP-GDH Antigen. To confirm the intracellular localization of the NADP-GDH, an immunoelectron microscopy procedure was used. In this procedure, aflinity-purified rabbit anti-NADP-GDH IgG was bound to NADP-GDH antigen in mildly fixed slices of cells prepared for EM. Protein A-gold complex was then bound to the enzymebound antibody, and the cell slices were subjected to transmission EM.
In Figure 4A , heavy labeling with gold particles can be seen in Estimation of the mol wt of the NADP-GDH antigen (designated subunit precursor-protein) synthesized in a mRNA dependent rabbit reticulocyte lysate in vitro translation reaction that was programmed by total cellular poly(A)+ RNA isolated from fully induced cells of C. sorokiniana. The proteins were electrophoresed in a SDS 10% polyacrylamide slab-gel as described in Figure 1 . The mol wt of the NADP-GDH subunit precursor-protein and the s-subunit in the holoenzyme from fully induced cells were estimated to be 58,500 and 53,000, respectively. the cresent-shaped chloroplast that almost surrounds the nucleus. In the electron micrograph, the chloroplast occupies the top, part of the left side, and all of the right side of the cell. When a standard fixation procedure was used to prepare specimens for EM, the laemellar membranes were clearly visible within the Chlorella chloroplast. However, because strong fixatives or long fixation-times destroyed the antigenicity of the NADP-GDH, these could not be used in the present study. In spite of this problem, NADP-GDH antigen can be seen to be oriented along the edges of laemellar membranes within certain regions of the chloroplast (e.g. upper left region). The white-ellipsoidal areas within the chloroplast indicate the presence of starch granules. The nucleus, in the bottom center, left section of the cell, has only background labeling with the Protein A-complexed gold, indicating the absence of NADP-GDH antigen. The cytosol, surrounding the left and bottom sides of the nucleus in the electron micrograph, shows a reasonably heavy pattern of gold labeling. Thus, the cellular distribution of gold labeling is consistent with the localization of NADP-GDH antigen in the chloroplast and cytosol in fully induced cells.
Based on the earlier results from the cytochemical NADP-GDH activity staining procedure (Fig. 3) , the finding of NADP-GDH antigen in the chloroplast was anticipated. However, the detection of NADP-GDH antigen in the cytosol was also predicted. Earlier studies (12) showed that cycloheximide inhibited both the induction and accumulation of the NADP-GDH, indicating that the enzyme was synthesized on 80S ribosomes in polysomes in the cytosol. The ability of NADP-GDH antibodies to recognize and to bind tightly to the nascent polypeptide chains on these NADP-GDH polysomes was shown by in vitro binding studies (27) with '251I-labeled anti-NADP-GDH IgG and by the use of these antibodies to obtain a remarkable 83% recovery of highly purified (>90%) NADP-GDH polysomes from the total cellular polysomes by a specific polysome immunoadsorption procedure (3). Moreover, because synthesis of the NADP-GDH antigen has been shown (29) would be predicted to be engaged in synthesis of NADP-GDH antigen in the cytosol. From the distribution of gold particles seen in the cytosol (Fig. 4A) , it appears that a large number of NADP-GDH polysomes are localized near or associated with the cytoplasmic membrane. As will be discussed in detail in the next paragraph, when the anti-NADP-GDH IgG was replaced with an antibody, prepared against a protein that is synthesized only in the chloroplast, gold particles were essentially absent from the cytosol and the cytoplasmic membrane. Thus, the localization of the gold particles in the cytosol and also associated with the cytoplasmic membrane in the cell shown in Figure 4A gold-labeled Protein A. To gain additional insight into the specificity of the immunoelectron microscopy procedure, the cells were immunolabeled, using purified antibody prepared against C. sorokiniana ribulose-1 ,5-bisphosphate carboxylase holoenzyme instead of NADP-GDH. Toman et aL. (25) showed that this antibody, prepared against the carboxylase holoenzyme, reacts with the holoenzyme and its large subunit but not with its small subunit. Whereas the large subunit is synthesized and remains in the chloroplast, the small subunit is synthesized as a precursor-protein on cytosolic ribosomes and the precursor is transported into the chloroplast and processed (4, 6, 10) . Therefore, based on the chloroplastic localization of the carboxylase holoenzyme and its large subunit and the binding specificity ofthe anti-carboxylase IgG, one would predict that labeling with the Protein A-gold complex should only occur in the chloroplast. In Figure 4B , gold labeling can be seen to occur exclusively in the chloroplast, indicating that this immunoelectron microscopy procedure is indeed very specific, and potentially can be used to localize both the intracellular site of synthesis of subunits (or precursor proteins) and site of accumulation of their holoenzymes.
Since synthesis of NADP-GDH antigen appears to occur in the cytosol on cycloheximide-sensitive ribosomes, and the active holoenzyme has been localized in the chloroplast of C. sorokiniana, the (6) . In studies with higher plants, the small subunit precursor-protein has been successfully transported into intact chloroplasts and processed to the small subunit which is 4,000 to 5,000 D smaller than the in vitro synthesized proteinprecursor (4) . In fact, protein-precursors of other chloroplast localized enzymes/proteins have been reported to have aminoterminal leader sequences, ranging in size from 3,500 to 16,000 D(l, 2, 4,5, 10, 11).
